Abstract: Bioenergetics models provide estimates of growth and consumption in fish and other animals. These estimates can then be used to infer metabolic and population-level consequences of various natural or human-induced environmental perturbations to fish populations. Most existing models utilize parameter values and functions derived from laboratory experiments on similar, closely related populations or species. However, the use of parameters from other species has long been criticized and recent work suggests that certain metabolic rates can vary substantially between closely related species and geographically separated populations of the same species. We evaluate a new model framework (termed the general bioenergetics model) which estimates bioenergetics parameters from length-increment and length-at-age data taken from the same population being modelled. Estimates of growth and consumption from this general model are compared with the commonly used "Wisconsin" bioenergetics model in terms of model fit and predictions resulting from simulated climate warming. Growth estimates using the general bioenergetics model were slightly higher than that of the Wisconsin model but consumption estimates were similar. Both models made similar predictions about effect of climate warming, although there was a consistent difference between model estimates of growth. The findings of this study add weight to the notion that metabolic information through bioenergetics models can be estimated from the population, although further validation should be conducted.
INTRODUCTION
Bioenergetics models essentially partition consumed food into various fates: somatic and reproductive tissue growth, respiration, egestion and excretion [1, 2] . These models have been widely used for fish populations [3] . Bioenergetics models typically take information about environmental conditions (i.e. temperature), physiology and consumption or growth and are used to infer unseen consumption from observed size at age, or to predict size at age from estimates of consumption. Estimated lifetime growth and consumption can in turn be used to explain or infer population mortality and growth rates, nutrient flows, and contaminant accumulation rates [1] . Bioenergetics models as applied to fish are commonly used by managers, researchers and policy makers to predict population and ecosystem impacts of various actions such as stocking, harvest, fishing regulation changes, climate change and pollution [4] [5] [6] [7] [8] [9] [10] .
Several bioenergetics model formulations exist, however the most common are based on Winberg [11] due mostly to its use in the widely available and user-friendly "Wisconsin" model [1] . Bioenergetics models generally and the Wisconsin model specifically have been extensively tested using laboratory [12] [13] [14] and field experiments [15] [16] [17] as well as by combining several different methods such as growth and contaminant concentrations [18] . However, as with all *Address correspondence to this author at the Fisheries Centre, University of British Columbia, Vancouver, B.C. V6T 1Z4, Canada; Tel: 604-822-0046; Fax: 604-822-8934; Email: b.vanpoorten@fisheries.ubc.ca models, there are misgivings about bioenergetics models related to parameter uncertainty [2, 19] and model structure [12, 20, 21] . One drawback of these models is the use of laboratory estimates from other populations or closely related species as parameter inputs for use in estimating growth and consumption of a population of interest [2] . This parameter "borrowing" largely occurs due to the large number of parameters necessary for most bioenergetics models (12-30+; [22] ), which make it extremely difficult to estimate all necessary parameters using laboratory techniques on the same population eventually being modelled. In most circumstances, estimating these parameters in the field is often prohibitively expensive or logistically intractable [15, 23] .
When borrowing parameters from other populations or species, it is assumed that there is little variation in parameter values due to genotypic or phenotypic differences between individuals or populations. Recent research on populations of Atlantic silversides (Menidia menidia) from spatially distinct regions showed that several of the physiological rates used in bioenergetics models varied significantly [24] . Even within a population there can be substantial variation in key parameters, which has been shown to result in a wide range of consumption and respiration rates [25] . There is an obvious need to either validate parameter borrowing and choice of parameter estimates in bioenergetics models [26] or put more emphasis on laboratory and field estimates of species-and regional-specific parameter estimates. Clearly, having a model parameterized by the specific population being modelled would be ideal, particularly if parameter estimates are derived from field observations so as to avoid issues of differences between field and laboratory behaviour and performance.
A further drawback to most existing bioenergetics models is the lack of admitted uncertainty in both parameter values and model outputs. Some researchers perform sensitivity analyses [3, 27] , but rarely is parameter uncertainty incorporated into model estimates. If the model is sensitive to several parameters [28] , small population-specific differences in parameter values may result in cumulatively large errors in model predictions and estimates of growth and consumption, which could lead to misleading recommendations.
An alternative to the commonly used approach of using laboratory-derived estimates of parameters to infer growth and consumption from populations in the field is to directly estimate bioenergetics parameters from commonly collected field measurements on growth increments. Walters and Essington [29] have adapted a bioenergetics formulation from Paloheimo and Dickie [30] and incorporated it into a Fabens [30] growth model so it can be fit to lengthincrement data common in mark-recapture studies. These data include length at marking, length at recapture and the time interval between the two events. The model can also be jointly fit to length-at-age data. By estimating parameters directly from field data, there is no need to use unrelated laboratory-based parameter estimates except where parameter effects are confounded in the data. Furthermore, including prior estimates for each parameter along with uncertainty about those prior estimates allows for calculation of a Bayes posterior probability distribution for each parameter, an excellent way to demonstrate parameter uncertainty.
We evaluate the ability of the bioenergetics model formulated in Walters and Essington [29] , which will be referred to as the general bioenergetics model, to estimate bioenergetics parameters of a fish population in the field. We also estimate growth and consumption using the popular "Wisconsin" bioenergetics model (Fish Bioenergetics 3.0: [1] ), which is largely parameterized using laboratory-based estimates of parameters from the same species or closelyrelated species [16] . Estimates of growth and consumption from the two model-types are compared and the strengths and weaknesses of the field-and laboratory-based models are discussed. To compare predictive abilities, growth and consumption are estimated using each model given warming of water temperatures as would be seen under climate change. Doing so is not meant to provide an accurate estimate of climate change effets, but is used merely as a means of comparing respective predictions from each model. Finally, the merits of each model-type are discussed in light of current and future uses of bioenergetics models.
METHODS

Data Collection
Bioenergetics parameters were estimated for rainbow trout (O. mykiss) in Cabin Lake, Alberta, Canada. Cabin Lake is a 32 ha reservoir approximately two km northwest of the town of Jasper, AB in Jasper National Park. The lake is at 1,217 m elevation and experiences mean annual water temperatures of 8°C and a maximum summer temperature of 18ºC. Complete details of Cabin Lake and the history of this population in the lake can be found in van Poorten and Post [31] .
Rainbow trout were sampled between May 2000 and October 2002. In 2000, fish were sampled live using various means: fyke and trap nets, boat mounted electrofisher and angling. In 2001, fish were live-captured exclusively using fyke nets. Each fish captured was anaesthetized and had fork length and weight recorded. Fish with fork length of 150 mm or greater were tagged using an individually coded spaghetti tag. Recaptured fish were measured, weighed and identified by tag code.
Rainbow trout were also lethally sampled using gillnets in the autumn of all three years. Nets were set mid-day and allowed to fish for approximately 20 hours. On each night, one pelagic and one benthic net was set, where one net consists of one panel each of stretched-mesh sizes 25, 32, 38, 51, 64, 76 and 89 mm. This combination of nets has been shown to be size-selective for fish below 120 mm and largely non-selective for larger fish [32] . Fish captured in gillnets were sampled as above, except otoliths were also removed from all fish for later aging.
Water temperature in the lake was measured using an automated temperature logger deployed at one meter from the surface on the south end of the lake. Temperature was recorded each hour from July 23, 2000 to October 19, 2002 . Although water temperature measured near the surface is unlikely to represent the temperatures experienced by individual fish, we assume that the trend in surface temperature is indicative of the trend in temperatures utilized by rainbow trout in the lake.
Bioenergetics Modeling
Data was fit using the general bioenergetics model presented in Walters and Essington [29] . Specifically, the model incorporated temperature dependence of consumption and metabolism and accounted for dynamic changes in condition factor throughout the year (referred to as the seasonal reproduction, skeletal allocation model; SRSA). Exact formulation of the model and the likelihood function used to fit the model to the data can be found in Walters and Essington [29] . Parameter estimation using the general bioenergetics model was performed in Visual Basic 6.
Daily consumption per gram body weight can be estimated using
where e is growth efficiency, calculated as
Here, a e is the assimilation efficiency, SDA is the specific dynamic action, E prey and E pred are the energy densities of prey and rainbow trout, respectively ( Table 2 ) and p digest is the proportion of the consumed prey that is digestable (0.9, [33] ). Note that the fitted H parameter is not the laboratory maximum feeding rate per W d at temperature T t , but rather the product of that maximum rate times the proportion of maximum achieved at time-t (called "p" in the Wisconsin model); variation in field "p" with fish body size and temperature is assumed to be captured in the weight and temperature dependence functions, hence these functions include both physiological (laboratory maximum) and ecological (food availability) effects. With no direct estimate of e, we assumed an assimilation efficiency of 0.8 [34] , and a SDA of 0.2. Therefore growth efficiency is estimated as ( )
. ED is the massspecific energy density, defined as t W ED + = , where and are defined in [33] .
The full model was fit to data on length at capture and recapture and intervening time interval, as well as data on length-at-age (complete details of the model and likelihood functions used for fitting are described in Walters and Essington [29] ). For each fish that was tagged and subsequently recaptured, only the first and final recapture events were used in parameter estimation, so that each fish was only used once. All fish aged from fall sampling in each of 2000 to 2002 were used in parameter estimation.
When fitting the general bioenergetics model to the tagrecapture data to estimate parameters, we initially attempted to estimate all of the following parameters:
(see Table 1 ). However, as noted in Walters and Essington [29] it is typically not possible to estimate both d [45] as cited in [33] ; h [39] ; i [1] . and n, nor Q c and Q m simultaneously. Initial estimation trials confirmed this, so final trials were performed with the uniform priors on both n and Q m having a limited range (Table  1) , i.e. with strong assumptions about size and temperature dependency of metabolic rates. Prior limits were chosen based on findings of n and Q m from Essington et al. [34] and Clarke and Johnston [35] , respectively. Additionally, was difficult to estimate, therefore a limited prior was applied to it, similar to that used in Jones et al. [36] . A further simplification involves setting T m and g (water temperature at which feeding drops by half and the rate at which feeding declines as temperatures approach T m , respectively) much higher than would be observed. As noted in Walters and Essington [29] , it is reasonable to assume that temperature never exceeds the optimal for growth, since observed water temperatures are far below this limit. This allows for a reduction in the number of estimated parameters.
Uniform prior distributions were used for each parameter. The posterior density functions were estimated using a Markov-chain Monte Carlo (MCMC) routine [37] . Bounds on the priors for free-ranging parameters were arbitrarily set at 0.3 and 3.0 times the maximum likelihood estimate of each parameter ( Table 1) . Four MCMC chains were run with different initial values for 500,000 iterations, with a burn-in of 2,000 iterations and further thinned to leave 8,000 samples from each chain. To test for convergence, trace diagrams were visually inspected and the Gelman-Rubin convergence diagnostics were used [37] .
Consumption estimated from the general bioenergetics model was compared with that from Bioenergetics 3.0 (referred to as the Wisconsin model; model derivation and description are given in Hansen et al. [1] ). Observations of temperature and weight-at-age were input with established parameter values to estimate consumption and growth at each time-step. Parameters for consumption and respiration of rainbow trout were taken from Railsback and Rose [19] and all other parameters are for steelhead from Rand et al. [33] . Mean weight-at-age was obtained from aged fish in the fall sampling in 2000 through 2002 and were fit to a von Bertalanffy growth in weight model. Estimated von Bertalanffy-derived mean weight-at-age was used instead of mean observed weight-at-age because younger ages were not present in sampling gear. Energy density values for rainbow trout and prey were used as model inputs. Rainbow trout energy density was set at 5,861 J/g wet weight [38] and prey caloric density was assumed to be a constant 2,659 J/g wet weight [39] . Prey of rainbow trout in Cabin Lake entirely consists of terrestrial and aquatic invertebrates, most commonly dipterans, chironomids and amphipods (C.J. MacKenzie, Simon Fraser University, Burnaby, BC, and B.T. van Poorten, unpublished data), which are assumed to be 90% digestible [19] . All parameters used in the Wisconsin bioenergetics model are shown in Table 2 .
Temperature was used in both models to scale consumption and metabolism according by Q10 coefficients. Temperature in Cabin Lake was assumed to follow the same annual cycle throughout the lifetime of all fish in the lake. To this end, a water temperature model was fit to the time-series of measured temperatures from Cabin Lake (Fig. 1) . The temperature model is based on a sine-wave with a minimum winter temperature and took the form
where T t is the temperature at time t, t is an offset in the sine wave to ensure the peak coincided with summer temperatures, and T max , T min , and T winter are the minimum and maximum temperatures of the sine wave and mean winter temperature, respectively.
Both the general and Wisconsin bioenergetics models require information on timing of maturity and proportion of mass devoted to reproduction. Mean mass-at-maturity, used in the general model, was estimated by fitting a logistic model to the proportion of mature fish for each 10 mm size bin captured in fall sampling. Mean age-at-maturity, used in the Wisconsin model, was estimated by fitting a logistic model to the proportion of mature fish for each age-class captured in the fall sampling. Mass-and age-at-maturity were estimated as the mass or age at which 50% of individuals are mature. It was assumed that 15% of available body mass is lost during spawning [46] . Spawning date for the population was set as June 1 (B. van Poorten, unpublished data), hatch date was set as July 15 and length at hatch was set as 18 mm [47] . All parameter values used in the general bioenergetics model are shown in Table 1 .
Evaluating Growth Predictions with Climate Change
Bioenergetics models are commonly used to predict impacts of changes in species composition or temperature regimes on fish growth, mortality, consumption or nutrient cycling (see [1, 12] for examples). To compare the general and Wisconsin bioenergetics models, we examined simulated impacts of climate change on rainbow trout growth using both the general and Wisconsin bioenergetics models. To do so, we increased water temperatures input into each model. Doing so is not meant to be an accurate prediction of climate change impacts, but simply a means of comparing simulated outcomes of the two models. In each model, the parameters T min and T max in Equation 3 were increased by a value of 3 (Fig. 1) . This results in an increase of mean annual water temperature of 1.7ºC and an increase in the number of ice-free days from 197 to 226. The daily temperature calculated using Equation 3 was then applied to both bioenergetics models to examine the predictions made by each model.
To estimate size-at-age and consumption using the general bioenergetics model assuming a temperature increase expected with climate change, the posterior distribution of parameter estimates based on the observed data in Cabin Lake were resampled 5,000 times. The resampled parameter estimates in association with the climate warming annual temperature cycle provided the size-at-age and consumption for rainbow trout in Cabin Lake. Using the Wisconsin model, simulations were repeated with the warmed annual temperature cycle assuming the proportion of maximum feeding estimated above. These model simulations assume that prey availability increases at the same rate as maximum potential consumption.
RESULTS
In total, 668 rainbow trout from Cabin Lake were captured and later recaptured. Of these, five records were removed due to obvious misidentification of fish or measurement errors (length decrease of >10 mm) and five were removed because fish were recaptured in the same day. Of the remaining 658 length-increment records, 425 were measured within the same year, 230 were measured over one winter and three were measured over two winters. Additionally, 520 rainbow trout were captured and aged in the fall sampling in 2000 to 2002.
The general bioenergetics model was fit to length increment and length-at-age data to estimate bioenergetics parameters of the Cabin Lake population between 2000 and 2002. Prior limits to the metabolism power parameter (n), the Q 10 parameter related to metabolism Q m , and (the rate at which tissue is diverted to structural tissue as weight at length approaches normal) were intentionally set with a narrow range because parameter effects were confounded in the data. All other prior distributions were uninformative and yet, most posteriors were well defined indicating that data were informative about the values of the parameters allowed to freely vary (Fig. 2) . The general bioenergetics model was fit to length increment and length-at-age data in order to estimate a complete growth trajectory for rainbow trout in the population (Fig. 3) . Comparing the estimated weight-at-age with observed weight-at-age shows the model estimated weight-at-age well despite the model being fit only to observed lengths.
Compared with the predicted size-at-age from the general model, the Wisconsin model estimate was generally lower (Fig. 4A) , which is likely due to the weight-at-age estimated using the von Bertalanffy model rather than both the size-atage and length-increment data. Additionally, the Wisconsin model predicts that rainbow trout lose weight through the winter after age-2, which the general model does not. Median consumption estimated using the general bioenergetics model was similar to that estimated using the Wisconsin bioenergetics model (Fig. 4B) . Over the lifetime of a rainbow trout in Cabin Lake, the median consumption estimate from the general bioenergetics model ranged from 75% to 141% that of the Wisconsin consumption estimate. Direct estimates of consumption are not available for the rainbow trout of Cabin Lake and so corroboration of either model is not possible. . (2) . Prior and posterior probability densities for the four general bioenergetics parameters (H, m, d and n) relating to consumption and metabolism, the two Q 10 parameters (Q m and Q c ) which scale consumption and metabolism as a function of temperature and , which varies allocation of structural tissue relative to changes in the ratio of structural to total weight from f s *. Densities are Gausian smoothed approximations. Prior probability density functions are dashed lines and posterior probability densities are solid lines. Fig. (3) . Observed length-at-age (points; top panel) and weight-at-age (points; bottom panel) of rainbow trout captured in Cabin Lake in autumn 2000 to 2002 and estimated length-and weight-at-age estimated by general bioenergetics model (solid line). Dashed lines represent Bayesian posterior 95% credible limits. When both models were used to estimate the impact increased water temperatures will have on growth, both models predicted increases in size (Fig. 5A) . The Wisconsin bioenergetics model estimated an increase in end mass from 417 g to 518 g when simulated temperature in the lake increased due to climate warming. In contrast, the general bioenergetics model estimated the end mass increasing from 564 g to 787 g. The difference in growth is approximately proportional to that observed with the fitted model. Median daily estimated consumption from the general bioenergetics model ranged from 67% to 147% the consumption estimated using the Wisconsin model (Fig. 5B) . This again is similar to the difference in consumption rate estimates for the two models.
DISCUSSION
The general bioenergetics model was able to fit to lengthat-age and length-increment data to estimate growth and consumption for rainbow trout in Cabin Lake. Laboratory data may be used to provide prior probability distributions for some parameters, and this was necessary in fitting the general bioenergetics model to the relatively small Cabin Lake data set. Our estimation used informative prior distributions on only three parameters: the metabolism power parameter, n, the Q 10 parameter for metabolism, Q m , and the steepness parameter ( ) associated with the rate at which consumed nutrients are allocated to metabolizeable tissue as the ratio of metabolizeable to total weight decreases below the optimum. While we had limited prior information available to apply to the model, future rainbow trout models can incorporate our posterior probability distributions as prior probability distributions, thereby further refining future models for situations where data are relatively uninformative [48] . Other datasets are likely to have varying success at fitting more or fewer parameters [29] based on both the quantity of data and the variability in temperature and feeding environments throughout the lifetime of the fish.
Some parameters are not estimable and use of laboratorybased estimates or reasonable approximations are necessary to run the general bioenergetics model. These include the parameters related to consumption and skeletal allocation. While consumption parameters are not directly used in the estimation procedure for key bioenergetics parameters, they play a key role in estimating consumption and therefore have implications for trophic interactions derived from model outcomes. We have not directly estimated these parameters, however it is advisable for future applications. Skeletal allocation parameters are directly used during parameter estimation in the general bioenergetics model and may influence final parameter estimates. In populations such as the one modelled here, changes in condition factor throughout the lifetime of a fish are minimal. In other populations it will be important to investigate the variability in condition factor Both the general and Wisconsin bioenergetics models were able to reconstruct the growth history of Cabin Lake rainbow trout using data from 2000 to 2002. Interestingly, the growth estimate for the general model was higher than that based on the Wisconsin model. This is partially due to patterns in the length-increment data used in fitting the general model, in addition to the size-at-age data used by both models. Use of size-increment data in the general bioenergetics model means that the model estimate of growth rate as a function of size and temperature is more precisely defined from the data than for the Wisconsin model, which is driven by mean size-at-age data only.
The Wisconsin model estimated an over-winter decline in body mass, whereas the general bioenergetics model did not. Observed weight-increment data from tagged fish suggest that rainbow trout rarely lose weight over the winter between observations in fall and the following spring (B. van Poorten, unpublished data). Both of the models used here assume a constant seasonal energy density in both predators and prey, which is rarely, if ever, true. Seasonal changes in diet will doubtlessly result in changes in energy consumption [49] and predator energy density [50] . Additionally, as winter conditions continue, mass may stay relatively constant while energy density declines due to an increase in water content and decrease in whole-body energy density [51, 52] . These factors would help to reduce the discrepancy in over-winter loss in body mass between the two models and would contribute to a slight variation in estimates of over-winter consumption in the general bioenergetics model.
The general bioenergetics consumption estimate was similar to that of the Wisconsin model. Several studies have shown that the Wisconsin model has difficulty estimating consumption across a range of taxa [29] . Although no direct study of rainbow trout has been made, consumption in salmonids is often overestimated in the Wisconsin model [53] . The Wisconsin model estimates consumption by multiplying a laboratory-derived function of maximum consumption rate at body size and temperature by a proportion (p-value) to back-calculate observed growth. P-values estimated with our Wisconsin model (range: 0.505-0.534) for age-1 to 7 were higher than estimated in other models [19] . This may be due to a number of factors, including temperature time series is not indicative of what was actually experienced by most trout in the population or prey and predator energy densities being inaccurate and constant throughout the year, despite this often not being true [49, 50, 54] . Corroboration of model outcomes with field or laboratory estimates are important for 
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General Bioenergetics Estimate General Bioenergetics 95% Credible Limits Wisconsin Estimate bioenergetics models [3, 16, 18, 28] and the same holds true for the general model. Future corroboration of various components of the general bioenergetics model will be necessary to further examine the utility of this new tool.
We recognize that simply increasing temperature is an extreme oversimplification of potential effects of climate change on freshwater fish [5, 55, 56] . It is widely recognized that with increased water temperatures, there will not be a simple proportional increase in biomass, but complex changes in nutrient flows, behaviour, abundance of food organism populations, and species-specific differences in consumption and activity, among many other complications [56] [57] [58] [59] . The purpose of the climate-change simulation was not to make accurate predictions of potential impacts, but rather to contrast the predictions of the two models that make more or less use of field data from the study system. The relative difference in growth and consumption predictions for the two models does not appreciably change when the water is warmed.
There are a large number of parameters that may be used in bioenergetics models (e.g. 12-30+: [1, 2] ), which can potentially lead to more detailed estimates and the ability to attribute expected changes in consumption and metabolic rates into one of several specific bioenergetic rates or processes. However, Ney [22] demonstrated that similar results can be gained with a simpler model structure. Using a model of intermediate complexity, we have estimated similar growth trajectories and are able to predict future outcomes under a simple climate-warming scenario. Slight additions to the general bioenergetics model could allow it to make additional predictions similar to those commonly made with the Wisconsin model [1, 3, 28] . For example, contaminant concentrations, ecosystem models and management evaluations could easily incorporate the general bioenergetics model with minimal data needs. Furthermore, the Bayesian parameter estimation allows uncertainty in parameter estimates to be incorporated into management recommendations, in a decision analysis framework [60] . The Wisconsin model has a long history of predicting and evaluating individual and population responses to a wide variety of manipulations [3] . The ability of the general model to be fit to populationspecific data and incorporate parameter uncertainty should make it a powerful new tool in the continued use of bioenergetics models in fisheries research and management.
The purpose of this paper was not to reveal weaknesses of one method or another but merely to compare estimates and discuss possible reasons for any divergent estimates. Qualitatively, it appears that both models evaluated here provide similar outcomes. We recognize that bioenergetics models in general are prone to inaccuracies [2, 53] due both to parameter uncertainties and structural problems. The general bioenergetics model of Walters and Essington [29] addresses one of these issues by estimating parameters directly from field length increment and length-at-age data commonly collected in many population assessments. Overall, the model proposed by Walters and Essington [29] provides an alternative to the Wisconsin model, with estimation of at least some parameter values directly from the population being modelled, thereby providing a useful option for future applications.
